The role of multidrug resistance 1 gene (MDR1 or ABCB1) polymorphism G2677T was studied in relation to paroxetine therapeutic efficacy and its side effects, as well as its association with selected demographic and clinical characteristics of patients with depressive disorder.
Background
Treatment-resistant depression is a common problem in the treatment of major depressive disorder (DD), with 60-70% of all patients meeting the criteria for treatment-resistant depression [1, 2] . It has been hypothesized that genetic factors contribute to the variability of antidepressant drug efficacy [3, 4] . Additionally, it has been shown that genetic markers involved in the brain bioavailability of antidepressants and/or toxic substances seem to be better predictors of clinical response than those related to antidepressant plasma concentrations [5] .
P-glycoprotein (P-gp) is the transmembrane efflux pump coded by the gene of multidrug resistance 1 (MDR1 or ABCB1), which was initially discovered as the precursor to a protein associated with failure of cancer chemotherapy. It has been confirmed that over-expression of MDR1 causes resistance in cultured tumor cells [6] . Generally, P-gp plays an important role in regulating absorption, distribution, and elimination of drugs [7] . It is strategically positioned to "barrier localizations" (the apical membrane of the gastrointestinal tract, the biliary canalicular membrane of hepatocytes, blood cells, and the luminal membranes of proximal tubular epithelial cells in the kidney), including blood-brain barrier and blood-cerebrospinal fluid (CSF) barrier, and thus modulates the accumulation of different xenobiotics in the brain [8] [9] [10] .
Many drugs have been shown to be P-gp substrates, and P-gp activity may influence their pharmacokinetic parameters, interactions, and finally therapeutic efficacy, as well as occurrence of drug side effects [11] [12] [13] [14] [15] [16] [17] . Similarly, many antidepressants interact with P-gp [4, 18] . Some in vitro studies 19] and in vivo studies [20] [21] [22] have also demonstrated the involvement of paroxetine, as a selective serotonin reuptake inhibitor (SSRI), in P-gp inhibitory activity as well as a substrate of P-gp.
Currently, more than 100 variants in the MDR1 gene have been reported. One of these, the nonsynonymous single nucleotide polymorphism (SNP) (Ala893Ser/Thr) localized in exon 21 and codon 893, G2677T/A (rs2032582) has been found to be associated with altered expression, activity, and the substrate specificity of P-gp [23] [24] [25] [26] .
Recent reports showed that individuals who had the TT genotype had a lower P-gp messenger RNA expression than those carrying GG genotype [25] . Moreover, variant alleles of the G2677T/A polymorphism were nonsignificantly associated with lower P-gp expression in the placenta [23] . On the contrary, some pharmacokinetic studies reported an opposite effect of the 2677T variant allele, i.e., an increase in efflux activity or impact on plasma and CSF concentration of antidepressants compared with the G2677 allele [24, 27] .
Only a few clinical studies have evaluated the associations between G2677T/A polymorphism and the therapeutic response to paroxetine, with mixed and inconsistent results [28] [29] [30] [31] [32] [33] . Additionally, evidence of a better response in TT carriers of G2677T/A polymorphism (OR=0.75, 95% CI: 0.58-0.97; p=0.03) observed in a meta-analysis evaluating MDR1 variants in relation to antidepressant treatment outcomes [34] , was not confirmed in a later meta-analysis [35] . However, only five studies included in the meta-analysis were studies on paroxetine.
Based on earlier published data, our study focused on determining the relevance of the MDR1 (G2677T) polymorphism to treatment response of paroxetine (efficacy and side effects) as well as its association with selected demographic and clinical characteristics of patients with DD in the Slovakian population.
Material and Methods
The study sample was comprised of patients with a diagnosis of DD (first depressive episodes and recurrent depressive disorder) according to ICD-10: (n=61; 40 females and 21 males, mean age=40.85; SD=12.828; females/males ratio: 1.90). All patients were of Slovakian origin (Caucasians) from different regions of Eastern Slovakia. Research protocol was approved by ethical committee of P. J. Safarik University and written informed consent was obtained from each participant prior to inclusion. Diagnostic assessments and ratings were made by two experienced psychiatrists who were kept blind to the diagnosis made by one to another and to the genotypes. Inclusion criteria were: age 18-65 years, diagnosis of DD, six weeks of continuous paroxetine treatment, at least 18 points at baseline on the Hamilton Rating Scale for Depression, 21-item version (HAMD-21) (Hamilton, 1960) . Exclusion criteria included: drug or alcohol abuse, organic brain syndrome and personality disorders, psychotic symptoms, pregnancy, electroconvulsive therapy within the previous six months, and therapy with another known P-gp substrate. Likewise, concomitant psychotropic drugs were not allowed, except a low dose of symptomatic benzodiazepine treatment for a minimal duration. The patients were assessed according to HAMD-21 scale at week 0, 2, 4, and 6. They were either drug free or post washout phase of an ineffective antidepressants (three weeks for fluoxetine and one week for other antidepressants). Paroxetine was administered at an initial dose of 10-20 mg/day and increased to reach a dose of 40 mg/day from day 12-15 until the end of the trial. Participants were labelled as "responders" (REs; a decrease in HAMD-21 ³50%) and "nonresponders" (NREs). Remission was defined as a score £7 points on HAMD-21 at week 6. Paroxetine tolerance was assessed through the Utvalg for Kliniske Undersogelser (UKU) rating scale of side effects at baseline and after 2, 4, and 6 weeks of treatment, with a focus on the frequency of the side effects of nausea and sexual dysfunction.
DNA extraction and genotyping
Anti-coagulated (Na 2 EDTA) blood samples were obtained from the antecubital vein of patients with DD, and DNA was extracted and purified using the Wizard ® Genomic DNA Purification Kit (Promega Corporation, USA). The G2677T polymorphism (rs 2032582) in the MDR1 gene was analyzed by PCR-RFLP assay using the primer sequences F: 5'-TTACCCAGAATATAGCAAATCTTGG-3' and R: . PCRgrade water was added to bring the final volume to 25 μL. The amplification consisted of an initial polymerase activation step for 15 minutes at 95°C and initial denaturation step for 30 seconds at 95°C followed by 40 cycles of denaturation at 95 °C for 30 seconds, annealing at 56°C for 30 seconds, and extension at 72°C for 30 seconds. Terminal elongation was performed at 72°C for three minutes. The PCR products were digested at 37°C overnight using 10 units Hpy188I restriction endonuclease (New England BioLabs, UK). The restriction fragments obtained were separated by electrophoresis on a 3% agarose gel for 90 minutes at 140 V and analyzed after staining with GelRed (Biotium, USA) under ultraviolet light. Electrophoretic pattern showed one band (198 bp) for homozygous GG genotype, two bands (198 bp, 173 bp) for heterozygous GT genotype and one band (173 bp) for homozygous TT genotype. Due to the low population frequency of the more recently described 2677A allele (<2% in Caucasians) [33, 37, 38] , this variant was not genotyped in the present study.
Statistical analyses
SPSS software for Windows (version 15.0, USA) and GraphPad Prism 5 (GraphPad Software, Inc., USA) were used for statistical analyses. A p value of <0.05 was taken as statistically significant. Chi-square or Fisher's exact tests were performed to compare contingency tables. The Hardy-Weinberg equilibrium (HWE) assumption was assessed for tested group by comparing the observed numbers of each genotype with those expected under the HWE for the estimated allele frequency. Codominant, dominant, recessive, and over dominant genetic models were used to analyze the association between a polymorphism and phenotype. The most commonly used model, the codominant model, was used for all SNPs. Odds ratios (OR) and the corresponding 95% confidence intervals (95% CI) were used for calculating the relative associations. All quantitative changes were evaluated using Mann-Whitney U test, or Kruskal-Wallis H test, for comparison of more than two independent groups.
Results

Genotype and allelic distribution of MDR1 (G2677T) polymorphism
All obtained blood samples were successfully genotyped for the MDR1 (G2677T) polymorphism. The G allele was found to be more frequent in our study. Overall frequencies of the G2677T genotypes GG, GT, and TT in the patient samples were 23 (37.71%), 29 (47.54%), and nine (14.75%), respectively. The genotype distribution among patients was in accordance with HWE law (p=1.000), likewise, in the sample of REs (p=1.000) and among NREs (p=0.332).
The demographic and clinical characteristics of the patients (sex, mean age, family history of DD, smoking history, suicide history, suicide ideation, first episode, admission, severity of episodes and remission, and HAMD-21 baseline) were differentiated according to MDR1 genotypes and alleles are shown in Table 1 . We observed significant associations between G2677T polymorphism and family history of depression (Table 1) . Overall positive family history of DD was found to be more frequent among patients carrying GT genotype than patients carrying GG genotype (OR=3.49; 95% CI=1.07-11.40; p=0.049; codominant model), or GG+TT genotypes (OR=3.69; 95% CI=1.25-10.92; p=0.020; over dominant model).
Allele and genotype associations of MDR1 (G2677T) with therapeutic efficacy (TE) of paroxetine
The association between MDR1 G2677T polymorphism in exon 21 and therapeutic response to paroxetine (according to HAMD-21 scale) at weeks 2, 4, and 6 of treatment were assessed in all patients (n=61). Generally, there was a gradual increase in the RE/NRE ratio during paroxetine therapy. The RE/NRE ratio was 0.196 at week 2 (RE: 10; 16.39%) and it increased to 0.794 at week 4 On the other hand, we found no statistically significant differences in both HAMD-21 score at week 0, week 2, week 4, and week 6 and the percentage of HAMD-21 score reduction from baseline to week 2, week 4, and week 6 among alleles and genotypes (Table 3; Figure 1 ). However, the percentage of HAMD-21 score reduction was the highest in the patients carrying the TT genotype or T allele at week 2, week 4 and week 6.
Furthermore, there were no differences in sex, age, family history, smoking history, suicide history, suicide ideation, first episode, admission, severity of episodes and remission, and HAMD-21 baseline score between REs and the NREs (data not shown).
MDR1 gene variants and side effects of paroxetine
The relation between G2677T polymorphism of MDR1 gene and the occurrence of the two most frequent adverse side effects 
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of paroxetine therapy (sexual dysfunction and nausea) in our patient sample were also evaluated. The frequency of nausea at week 0, week 2, week 4, and week 6 was: 22 patients (36.07%; 18 females and four males), 17 patients (27.87%; 12 females and five males), 13 patients (21.31%; 10 females and three males), 11 patients (18.03%; 10 females and one male), respectively, while frequency of sexual dysfunction was 17 patients (27.87%; 10 females and seven males); 22 patients (36.07%, 13 females and nine males), 24 patients (39.34%; 13 females and 11 males), and 17 patients (27.87%; nine females and eight males), respectively.
There was no significant difference in side effects of paroxetine between females and males. Similarly, no significant differences between the occurrence of these two side effects were found in samples differentiated by the genotype and allele frequencies of MDR1 G2677T polymorphism (statistical data not shown).
Discussion
Genomic medicine, which is the use of information from genomes and their derivatives to guide medical decision-making, is a key component of personalized medicine, and is a rapidly advancing field of healthcare [39] . The main concern of our study was to investigate whether MDR1 (G2677T, rs2032582) polymorphism influence short-term response to paroxetine, its selected side effects, as well as selected demographics and clinical characteristics of the patients with DD. To our knowledge, this is the first study that evaluated MDR1 G2677T polymorphism in relation to paroxetine response and its side effects (nausea and sexual dysfunction) in the same patient sample, as well as the first study assessing this association in a Slovakian population.
Recently, MDR1 genotyping has attracted research attention regarding the possibility of personalized treatment through identification of REs and NREs to a certain class of pharmacotherapy. The selection of the tested SNP in DD patients in this analysis was based on knowledge that paroxetine belongs to P-gp substrates and/or inhibitors [19] [20] [21] [22] . From the two most common assessed SNPs (MDR1 C3435T and G2677T/A) in relation to antidepressants, we chose the latter. In contrast to C3435T polymorphism, G2677T/A leads to amino acid exchange [23] .
Additionally, several studies have found an association with altered expression, activity, the substrate specificity of P-gp or pharmacokinetics of paroxetine [23] [24] [25] [26] . Due to the low population frequency of the more recently described 2677A allele (< 2% in Caucasians) [33, 37, 38] , this variant was not genotyped in the present study. We found that patients carrying at least one T allele had a significantly increased chance of therapeutic efficacy at week 4 and week 6. The difference in allele frequencies between the REs and the NREs was statistically significant at week 6. On the other hand, participants carrying the GG genotype had a lower chance of being a responder at week 4 and week 6. However, these results should be interpreted with caution. Taking a 50% cutoff point, the obtained results may depend on the initial value. Therefore, we also evaluated the percentage of HAMD-21 score reduction from baseline to week 2, week 4, and week 6 among alleles and genotypes. Despite nonsignificant differences, we observed the highest percentage of HAMD-21 score reduction in the patients carrying the TT genotype or T allele at week 2, week 4, and week 6. In accordance with our results, Kato et al. showed a significant decrease in HAM-D score reduction (%) in patients carrying the variant alleles (T/A) of the G2677T/A polymorphism at week 6 of paroxetine treatment in a Japanese study population [29] . Moreover, the same authors found that the wild variants haplotype (3435C-2677G-1236T) was significantly associated with poor response. Other authors have reported that MDR1 variants of G2677T polymorphism were not associated with therapeutic response to paroxetine using the HAMD-17 scale in Croatian patients with DD [30] . Similarly, studies performed in Germany, Switzerland, and the United States failed to show the importance of G2677T polymorphism for paroxetine treatment [28, 31, 32] .
No study aimed at MDR1 G2677T/A in relation to paroxetine outcomes reported an importance of G allele for better therapeutic response. On the other hand, Nikish et al. reported that GG/GT genotypes were associated with a better treatment response and higher plasma and CSF concentrations in depressive patients [27] . However, the study evaluated citalopram, another drug belonging to the SSRI group. Recently, two metaanalyses evaluating MDR1 variants in relation to antidepressant treatment outcomes have been published. The authors of the one meta-analysis [35] could not confirm better therapeutic response to paroxetine in TT carriers of G2677T/A polymorphism which had been observed in a previous meta-analysis [34] . Besides paroxetine, other SSRIs have been assessed in relation to G2677T polymorphism. Gassó et al. demonstrated that the T allele was significantly associated with higher clinical improvement with fluoxetine therapy in children and adolescent patients from Spain using scales including the Clinical Global Impression-Improvement scale [5] . The study patients were diagnosed with DD, obsessive-compulsive disorder, or generalized anxiety disorder. Surprisingly, the authors failed to show a significant association between the polymorphism G2677T and plasma levels of fluoxetine or its active metabolite (S)-norfluoxetine. Moreover, Taiwanese DD patients with GG genotype had a worse antidepressant response to fluoxetine, as well to venlafaxine [40] .
From the literature, it is well known that the effect of SSRIs is noticeable after a few weeks. In our study, we observed therapeutic response already at week 2 in 10 participants (16.39%), whereas the RE/NRE ratio significantly increased from week 2 to week 4 (p<0.001), and to week 6 (p<0.0001). Other authors reported a larger number of REs at week 2 (58.62%) after paroxetine therapy for depression [41] . Overall, an increased therapeutic efficacy over time was found in other short-term treatment analyses [29, 30] . Since paroxetine can act as a P-gp inhibitor [4] , long-term studies are needed in the future.
The occurrence of adverse side effects after antidepressant therapy is another important problem. As the prevalence and severity of side effects follow interindividual variations, it is reasonable to hypothesize a genetic basis for drug tolerability [42] . Therefore, we performed a statistical analysis of the association of MDR1 G2677T polymorphism with two side effects of paroxetine (nausea and sexual dysfunction) referred to in the summary of product characteristics as very common (³1/10). The occurrence of other drug side effects was too low to evaluate. Despite better therapeutic response to paroxetine in T allele carriers in our analysis, we did not find any evidence that G2677T polymorphism could influence the occurrence and severity of sexual dysfunction and nausea during paroxetine therapy. It is difficult to ascertain whether negative findings are due to a lack of influence of the tested SNP on the adverse effects or due to distinct characteristics of our sample (overall low frequency of side effects). However, the frequency of side effects of paroxetine in our study was slightly higher than the reported adverse effects by other authors [43, 44] . Another explanation of nonsignificant results could be due to the possibility of different impacts of the polymorphism on various tissues and organs. Moreover, these side effects could also be symptoms of depression and not explicitly side effects of paroxetine.
A recently published small Czech study analyzed G2677T polymorphism in relation to selected symptoms of sexual dysfunction after paroxetine treatment in women with bulimia nervosa and anxiety disorders [33] . It was demonstrated that G allele carriers were significantly at higher risk of orgasm disorder and lubrication development problems. No significant differences in the distribution of the MDR1 G2677T/A genotypes between patients with and without drug side effects were confirmed in the study evaluating therapeutic response to several SSRIs including paroxetine [45] . Regarding other antidepressants, Ozbey et al. showed significantly higher frequencies in venlafaxine-induced akathisia in TT/TA carriers of G2677T/A polymorphism [46] . This relationship was not observed for the therapeutic efficacy of venlafaxine.
Additionally, selected demographic and clinical patient characteristics were assessed in relation to G2677T polymorphism. We found only marginally significant differences between GG and GT genotypes regarding family history of depression. Positivity of family history of DD was more often observed in patients with GT genotype. Based on findings that P-gp also protects the brain not only from many drugs but also from neurotoxic substances, the association between MDR1 polymorphisms and susceptibility to DD was evaluated. First, a Japanese study showed that the frequencies of GA and AA genotypes, as well as A allele of MDR1 G2677T/A polymorphism were significantly higher in patients with mood disorders than in controls [47] . Another Japanese analysis reported no significant difference in genotype or allele distribution regarding G2677T polymorphism in DD patients [48] . On the other hand, a significant protective role of T allele of G2677T/A polymorphism and 1236T-2677T-3435T haplotype was found in male Portuguese individuals with DD [4] . Furthermore, Chinese individuals carrying TG haplotype of rs1045642-rs2032582 had significantly (53%) lower risk of developing DD [50] . These findings support the need of other case-control studies of the impact of G2677T polymorphism in relation to susceptibility to DD.
There are a few other issues that should be discussed regarding the inconsistent results of studies evaluating MDR1 G2677T/A polymorphism in relation to antidepressants or DD. First, studies were done in patients with different ethnicities. It should be noted that P-gp expression and influence of MDR1 polymorphisms may vary depending on ethnicity and environmental factors [51] . Enrollment of mixed patient sample regarding ethnicity in the relevant study was also reported [28] . Second, the findings from several studies, including meta-analyses, looked at other antidepressant agent or evaluated several different antidepressants in the same sample. However, it was hypothesized that the substitution of Thr or Ser for Ala due to MDR1 G2677T polymorphism would affect the geometric precision of the interaction site and the secondary structure of P-gp [23] . Thus, the contradictory results might be due to different effects of variant alleles on specific drugs [52] . Therefore, antidepressants should be evaluated individually in the future. Moreover, previous analyses differed in their end-points; and equally important, several studies included patients not only with DD but also with other psychiatric disorders. Thus, other factors might have influenced previous study results, such as non-antidepressant drug and food interactions.
Overall, the main limitation of our study was the relatively small sample size. Therefore, we cannot exclude the possibility of bias and our preliminary results must be interpreted with caution. Additionally, paroxetine plasma concentrations were not measured in this study. However, it has been reported that the serum concentration of the antidepressant does not have to correlate with the therapeutic response in human studies, which may be because the brain concentrations depend mainly on blood-brain efflux [5, 53] . Also, the lack of analysis of other pharmacokinetic genes, such as CYP2D6, that might have a possible effect to therapeutic response could be a limitation; however, several studies reported that polymorphisms such as CYP2D6 are not always linked with paroxetine response [28, 54, 55] . It is also possible that the functional effects of MDR1 variants may in fact be in linkage disequilibrium with the true causative variants, as it was shown in recent studies [29, 31, 50] .
Conclusions
Our findings confirmed the potential significant influence of T allele of MDR1 G2677T polymorphism on paroxetine shortterm treatment response but did not find the same significance for percentage HAMD-21 score reduction and side effect occurrence. Larger multicenter prospective studies and well-designed pharmacokinetic studies of paroxetine are needed to elucidate contradictory implications of MDR1 G2677T/A polymorphism in patients with DD.
